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Abstract 

A previous evaluation of one-photon loop corrections to the energy- 
momentum tensor has been extended to particles with unit spin and 
speculations are presented concerning general properties of such forms. 
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1 Introduction 



In an earlier letter, we described calculations of the one-loop radiative correc- 
tions to the energy- momentum tensor of a charged spinless or spin 1/2 par- 
ticle of mass m and focused on the nonanalytic component of such resultspQ. 
This is because such nonanalytic pieces involve terms with singularities at 
small momentum transfer q which, when Fourier-transformed, yield — via the 
Einstein equations — large distance corrections to the metric tensor. In par- 
ticular, for both the spinless and spin 1/2 field case, the diagonal component 
of the metric was shown to be modified from its simple Schwarzschild form via 
terms which account for the feature that the particle is charged — specifically, 
in harmonic gauge the resulting metric has the form 
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where G is the gravitational constant and a = e 2 /4ir is the fine structure 
constant. (Note that the dependence on the arbitrary scale factor /i can be 
removed by a coordinate transformation.) The classical — /^-independent— 
pieces of these a-dependent modifications are well known and can be found 
by expanding the familiar Reissner-Nordstrom metric, describing spacetime 
around a charged, massive object [2] . On the other hand, the calculation also 
yields quantum mechanical — ^-dependent — pieces which are new and whose 
origin can be understood qualitatively as arising from zitterbewegungfT]. 

In the case of a spin 1/2 system there exists, in addition to the above, a 
nonvanishing off-diagonal component of the metric, whose radiative corrected 
form, in harmonic gauge, is 

[2G Ga 2Gah \ 
goi = (S x r )i — + — + . . . 2 

y r A mr^ irm z r° J 

Here the classical component of this modification can be found by expanding 
the Kerr-Newman metric jSj, which describes spacetime in the vicinity of 
a charged, massive, and spinning particle, and again there exist quantum 
corrections due to zitterbewegung[Tj. 
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(a) (b) 

Figure 1: Feynman diagrams having nonanalytic components. Here the single 
wiggly lines represent photons while the double wiggly line indicates coupling 
to a graviton. 



Based on the feature that the diagonal components were found to have 
an identical form for both spin and 1/2, it is tempting to speculate that 
the leading diagonal piece of the metric about a charged particle has a uni- 
versal form — independent of spin. Whether the same is true for the leading 
off-diagonal — spin-dependent — component cannot be determined from a sin- 
gle calculation, but it is reasonable to speculate that this is also the case. 
However, whether these assertions are generally valid can be found only by 
additional calculation, which is the purpose of the present note, wherein we 
evaluate the nonanalytic piece of the radiatively-corrected energy-momentum 
tensor for a charged spin 1 particle — the boson — and assess the correct- 
ness of this proposal. In the next section then we briefly review the results of 
the previous paper, and follow with a discussion wherein the calculations are 
extended to the spin 1 system. Results are summarized in a brief concluding 
section. 



2 Lightning Review 

Since it important to the remainder of this note, we first present a concise 
review of the results obtained in our previous paper p. In the case of a spin 
system, the general form of the energy-momentum tensor is 

< P 2\T flu (x)\p l > s=0 = ■=== 2P^Ff =0 V)) + - ?V)^f = °V) 
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where P = + P2) is the average momentum, while q = pi — P2 is the 
momentum transfer. The tree level values for these form factors are 
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while the leading nonanalytic loop corrections from Figure la and Figure lb 
were determined to be 



l,loop 
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Such nonanalytic forms, which are singular in the small-q limit, are present 
due to the presence of two massless propagators in the Feynman diagrams [I] 
and can arise even in electromagnetic diagrams when this situation exists 5 . 
Upon Fourier-transforming, the piece proportional to S is found to give clas- 
sical (^-independent) behavior while the term involving L is found to yield 
quantum mechanical (^-dependent) corrections. 1 The feature that the form 
factor F± S=0) (q 2 = 0) remains unity even when electromagnetic corrections 
are included arises from the stricture of energy-momentum conservation [1. 
There exists no restriction on F2 S ~°\q 2 = 0). 

In the case of spin 1/2 there exists an additional form factor — 



(q ) — associated with the existence of spin- 



< P2\T fl „(x)\p 1 > s= i 



i{p2-pi)-x 



u(p 2 ) P^PM 3 *\q 
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1 The at first surprising feature that a loop calculation can yield classical physics is 
explained in ref. 0] 
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The tree level values for these form factors are 

rp( S= ^ _ rp( S= l) _ i 77>( S ' = §) _ n (j\ 

c l,tree ~ r 3, tree ~ 1 r 2, tree ~ u \< J 

while the nonanalytic loop corrections from Figure la and Figure lb were 
found to be 

4tJV) = ^ + 35 ) 



CSV) = ^S {al+ ^ s) (8) 
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In this case both F x 2 (q 2 = 0) and F 3 2 (q 2 = 0) retain their value of 
unity even in the presence of electromagnetic corrections. That this must be 

(S=-) 

true for F i 2 (q 2 = 0) follows from energy-momentum conservation, as be- 

fore, while the nonrenormalization of F 3 2 (q 2 = 0) is required by angular- 
momentum conservation jH] and asserts that an anomalous gravitomagnetic 
moment is forbidden. The universality of these radiatively corrected forms 
is suggested by the result 

FS^^^F^iq 2 ) and F^\q 2 ) = F<^\?) (9) 

but, of course, the spin-dependent gravitomagnetic form factor F 3 2 (q 2 ) 
has no analog in the spin sector. 

The connection with the metric tensor described in the introduction arises 
when these results for the energy-momentum tensor are combined with the 
(linearized) Einstein equation[7j 

□V = -16vrG \ Tjj, v - (10) 



where we have defined 
and 



9 t ,v = ri^u + h ilv (11) 
T = Tr T M „ (12) 
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Taking Fourier transforms, we find — for both spin and spin 1/2 — the 
diagonal components 

, ^ .„ « / d 3 k tfol (m ait\k\ ok 2 P\ 

h l3 {r) = -167TG / ^e^i + + log - ^P)) 

J (2tt) 3 fc 2 V 2 16|jfe| 6vrm m 2 y 

(13) 

while from the spin 1/2 gravitomagnetic form factor we find the off-diagonal 
term 

MO = -I*** / T^i ft " # " #1^^ (S x k), (14) 
7 (27T)' 3 fc 2 I 2 lorn 12irm z mr J 

Evaluating the various Fourier transforms, we find the results quoted in the 
introduction jSj. 

The purpose of the present note is to study how these results generalize 
to the case of higher spin. Specifically, we shall below examine the radiative 
corrections to the energy-momentum tensor of a charged spin 1 system. 

3 Spin 1 

A neutral spin 1 field (j)^{x) having mass m is described by the Proca La- 
grangian, which is of the form[5| 

C{x) = ~U^(x)U^{x) + ±m 2 ^(x)^(x) (15) 

where 

Ufj, u (x) = id^<p u (x) - id^^x) (16) 

is the spin 1 field tensor. If the particle has charge e, we can generate a gauge- 
invariant form of Eq. E3by use of the well-known minimal substitutional] - 
defining 

tt m = idf, - eA^x) (17) 

and 

Ufj, v {x) = TTp<i> v (x) - 7Tu</>^(x) (18) 
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the charged Proca Lagrangian density becomes 



C{x) = --Ul(x)U^(x) + m 2 <Pl(xW{x) (19) 



Introducing the left-right derivative 

D{x)Vf{x) = D(x)VF(x) - (VD(x))F(x) (20) 
the single-photon component of the interaction can be written as 
£ int (x) = teA^(x)r\x)[ Va ^,- V ^V a }^(x)+ Va ,(V^(x))<p' 3 (x) (21) 

so that the on-shell matrix element of the electromagnetic current becomes 

1 e 

< Pf, CbUM' e A >= ~ ~^Qpr [ 2 Vb ■ e A - e Afl e B ■ q + e* Bfl e A ■ q] 

(22) 

where we have used the property Pf-e* B = Pi-e A = for the Proca polarization 
vectors. If we now look at the spatial piece of this term we find 

! g g _» _, 

< p f ,e B \£,-j\Pi,e A >^ — eyXq-e* B xe A = — < l,m f \S\l,mi > B 



y/AEjEl 7,,— '- 2m ^--^-- 2m 

(23) 

where we have used the result that in the Breit frame for a nonrelativistically 
moving particle 

ie* B x e A =< l,m f \S\l,mi > (24) 

which we recognize as representing a magnetic moment interaction with g=l. 
On the other hand if we take the time component of Eq. |221 we find, again 
in the Breit frame and a nonrelativistically moving system 



<p f , e B \eoyjo\pi, t A >~ -ee 07 



e * B ' eA + ^~( 6a ^*b ■ Q~ e m^A ■ q) 

(25) 
Using 

o 1 ~ -> o 1 ~* -> 

e A - 7^ € a -q, e B ~ -— e B ■ q 
2m 2m 

e* B -e A ~ -e B ■ e A - 7^£*b ' ft a ■ q (26) 
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we observe that 

7= = < Pf, eB\eojjo\pi, t A >^ eeo 7 e^ • e A (27) 

which is the expected electric monopole term — any electric quadrupole con- 
tributions have cancelled|llj. Overall then, Eq. E21 corresponds to a simple 
EO interaction with the charge accompanied by an Ml interaction with g- 
factor unity, which is consistent with the speculation by Belinfante that for 
a particle of spin S, g = 11 SfF2\. 

Despite this suggestively simple result, however, Eq. UHldoes not correctly 
describe the interaction of the charged H^-boson field, due to the feature 
that the are components of an SU(2) vector field^S]. The proper Proca 
Lagrangian has the form 

C(x) = -\tJlM ■ U^{x) + \m 2 w Mx) ■ H*) (28) 

where the field tensor U fMV {x) contains an additional term on account of gauge 
invariance 

U^ u (x) = ixjj u (x) - -KyU^x) - igU^(x) x U v (x) (29) 

with g being the SU(2) electroweak coupling coupling constant. The La- 
grange density Eq. |2Hlthen contains the piece 

CUx) = -gW°^(x)(W^(x)W+(x) - W-*(x)W-){x) (30) 

among (many) others. However, in the standard model the neutral member 
of the W-triplet is a linear combination of Z° and photon fields [ 



W° = cos 6 w Zl + sin Q w Ap (31) 

and, since g sin 8w = e, we have a term in the interaction Lagrangian 

££>(*) = -eF^(x)(W^(x)W+(x) - W^{x)W;{x)) (32) 

which represents an additional interaction that must be appended to the 
convention Proca result. In the Breit frame and for a nonrelativistically 
moving system we have 

^= <Pf,e B \i;.ji% i ,e A >^ -L-^t B xe A = ^- < l.m^l.m, > -B 

(33) 
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and 



(34) 

The first piece — Eq. 031 — constitutes an additional magnetic moment and 
modifies the W-boson g-factor from its Belinfante value of unity to its stan- 
dard model value of 2. Using 

1 1 12 

n( e Bi e Aj + eAie* Bj )--5i j e* B -i A =< 1, mf\-(SiSj + SjSi) - -5^1, mi > (35) 

we observe that the second component — Eq. |^] — implies the existence of 
a quadrupole moment of size Q = — e/M^. Both of these results are well 
known predictions of the standard model for the charged vector bosons [T5j. 

In fact, it has recently been argued, from a number of viewpoints, that 
the "natural" value of the gyromagnetic ratio for a particle of arbitrary spin 
should be g=2jinj, as opposed to the value 1/S from the Belinfante con- 
jecture, and we shall consequently employ g=2 in our spin 1 calculations 
below. 

Having obtained the appropriate Langrangian for the interactions of a 
charged spin-1 system, 

= -\uU*W u (x) W0j,(x)^(x)-eF'-'(x)(0+t( i r)0+(x)-^t( i r)0;(x)) 

(36) 

we can now calculate the matrix elements which will be needed in our cal- 
culation. Specifically, the general single photon vertex for a transition in- 
volving an outgoing photon with polarization index \i and four-momentum 
q = pi —p2, an incoming spin one particle with polarization index a and four- 
momentum pi together with an outgoing spin one particle with polarization 
index f3 and four-momentum p2 is[17j 

VpMfa'P*) = ~ ie [(Pi+P^tiVap - {gpip -{g- i)p2p)van - (gp2a -{g- i)pi a )v^)}( 37 ) 

while the two-photon vertex with polarization indices //, u, an incoming spin 
one particle with polarization index a and four-momentum p\ together with 
an outgoing spin one particle with polarization index (3 and four-momentum 
P2 has the form[ 



^/Wi/CPi'^) = -«e 2 (2 Ma/3 - r] afl rip u - r]^^) (38) 
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The energy-momentum tensor connecting an incoming vector meson with 
polarization index a and four-momentum k\ with and outgoing vector with 
polarization index (3 and four-momentum k 2 is found to be[T9*] 

< k 2 , /5|T^|fci, a > = {ki^k 2u + hufa^rjap 

- k 2a (ki u rif 3tl + k^ripv) 

+ {ki-k 2 -m 2 ){r]^r] oa/ +r}p u r] ail ) 

- VnA( k i ■ k 2 ~ m 2 )r] af3 - k ip k 2a ] (39) 

and that between photon states is identical, except that the terms in m 2 are 
absent. For later use, it is useful to note that the trace of this expression has 
the simple form 

tT < k 2 , PlT^lh, a >= 2m 2 7 laf3 (40) 

which vanishes in the case of the photon. The leading component of the 
on-shell energy-momentum tensor between charged vector meson states is 
then 

<k 2 ,e B \T$\k 1 ,e A > = (k 1 „k 2v + k\ v k 2p )e B ■ e A 

- h ■ e* B {k 2ll e Av + k 2v e A[l 

- k 2 -e A {kx v r] Btl + ki IJl e Bv ) 

+ {ki ■ k 2 - m 2 )(e* Bfl e Au + e Bu e AlJ ) 

- r]^[( kl ■ k 2 ~ m 2 )e* B -e A -k x - e* B k 2 ■ e A ) (41) 

and the focus of our calculation is to evaluate the one-loop electromagnetic 
corrections to Eq. |^ via the diagrams shown in Figure 1, keeping only the 
leading nonanalytic terms. Details of the calculation are described in the 
appendix, and the results are given by 

a) Seagull loop diagram (Figure la) 



Amp[a}^ u - 



tA ■ eM 2 ^ + ^Q 2 V^u) ~ e A ■ qe* B ■ qr]^ u 



487rm 

- 2(e A ,e Bu + e Au e B Jq 2 } (42) 
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b) Born loop diagram (Figure lb) 

Amp[b}^ = -^—{-3P^P u q 2 e B -e A (SL + 3S) 

+ [{P„e Av + P v e A „y B ■ q - {P^e Bv + P v e B ^e A ■ <?)]<? 2 (4L + 3S) 
~ \ e A ■ q(e BfM q„ + e* Bl/ q^) + e* B ■ q(e A/I q u + e Au q^)]L 

- [q^lOL + 35) - <?V(y£ + 3S)Vb ■ £A 
+ 2(e* B ^e Au + e* Bv e Av )q 2 L 

+ ...} (43) 

Note that due to conservation of the energy-momentum tensor — d^T^ = 
— the on-shell matrix element must satisfy the gauge invariance condition 

q v < k 2 ,e B \T flu \k 1 ,e A >= 

In our case, although the leading order contribution satisfies this condition 

g^<k 2 ,e B \TlS\k 1 ,eA>=0 (44) 
the contribution from neither diagram la or lb is gauge-invariant 
ctL 

q^Ampla}^ = ^— [5q 2 q u e* B ■ e A - 2q 2 (e Au e* B ■ q + e* Bu e A ■ q)) + 2q il t B ■ qe a ■ q] 

q^Amplb]^ = ~-^^[5q 2 q u e B ■ e A - 2q 2 (e Au e B ■ q + e* Bu e A ■ q)) + 2q^e* B ■ qe a ■ q] 

(45) 

Nevertheless the sum of these terms is gauge-invariant — 

q»(Amp[a]^ + Amp[b]^) = (46) 

which serves as an important check on our result. 
The full loop contribution is then 

Amp[a + b], xl/ = ^ { e *B ' ^[(q^ - q 2 V^) ~ 3P M P^g 2 ](8L + 3S) 

+ {{P^Av + P^Yb ■ q ~ {PA + P^b^a ■ q)q\±L + 3S) 
+ ...} (47) 
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Due to covariance and gauge invariance the form of the matrix element of 
T^ u between on-shell spin 1 states must be expressible in the form 

< P2,e B \T, u (x)\ Pl ,e A > s= i= - & 7 == [2P ll P v e B ■ e A F^ s=1 \ 2 ) 
+ {QnQv - ri^q 2 )e* B ■ e A F^ S=1) (q 2 ) 

+ [P^e Bu e A ■ q - e Av e B ■ q) + P„(e Bft e A ■ q - e Afl e B ■ g)]F 3 (5=1) (g 2 ) 

+ [{zaA + e *B^Av)q 2 - (e* Blx q u + e* Bv q„)e A ■ q 

- (tAiiflv + e Auq^)e* B ■ q + 2r]^e A ■ qe* B ■ q] Ff~ 1 '(q 2 ) 



(5=1), 



+ A-P^-FUa • qe* B ■ qF 5 
+ ^(q^u-V^eA-qeB-qF^iq 2 )} (48) 



Here F^ (q 2 ),F2 S ^(g 2 ),-^ (g 2 ) correspond to their 
spin 1/2 counterparts Ff = ^(g 2 )> F^\q 2 ), F^\q 2 ), while 
F\ f (q 2 ),F^ S ~ 1 \q 2 ) 7 FQ (g 2 ) represent new forms unique to spin 1. 
(Note that each kinematic form in Eq. HH]is separately gauge invariant.) 

The results of the calculation described above can most concisely be de- 
scribed in terms of these form factors. Thus the tree level predictions can be 
described as 

F (s=i) F (s=i) _ 1 

l,tree 3, tree 

F (S=1) p (S=l) _1 

r 2, tree c A,tree ^ 

F (S=1) _ F (S=1) _ n / 4 qn 

r 5,tree ~ r 6,tree ~ u ) 
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while the full radiatively corrected values are given by 

= 1 + 1^ + 3*) + ... 
ffV) = -± + ^(8L + 3S) + ... 

^f-V) = 1 + ^(41 + 35) + ... 

ff-'V) = ^(64L + 15S) + . . . (50) 

and we note that ^jVoojX? 2 ) as f° un d for unit spin agree exactly with 
the forms F^ 2 ~^ oop (q 2 )ionnd previously for spin 1/2 and with F^2j l p (c[ 2 ) 
in the spinless case. We observe that both F^ S ~^ (q 2 = 0) = 1 and 
F^ S ~ 1 \q 2 = 0) = 1 as required by energy-momentum and angular momen- 
tum conservation. Interestingly, the form factors F^ S ~ 1 \q 2 ) and F^ S ~ 1 \q 2 ) 
are also unrenormalized from their tree level values and this fact has an in- 
teresting consequence. Since, in the Breit frame and using nonrelativistic 
kinematics we have 

< P2,e B \T 00 (0)\p u e A >~ m je^ • e A F[ S=1 \q 2 ) + -^?b ' ft a • q 

x ifi s =% 2 ) - F r% 2 ) - 2(F^\q 2 ) + F r% 2 ) - ^rv))]} + - 

< P2,eB|7o i (0)|p 1 ,e A >~ ~[(t B x e A ) x ^if^V) + • • • (51) 

we can identify values for the gravitoelectric monopole, gravitomagnetic 
dipole, and gravitoelectric quadrupole coupling constants 

K E0 = mFi S=1 \q 2 = 0) 
Km, = ^f=V = 0) 



1 

K E 2 = 

2m 



Ff =1) ( ? 2 = 0) - Ff =1) (g 2 = 0) - 2Ff =1) (g 2 = 0) - 2F 5 (S =1) (g 2 = 0) 

(52) 
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Taking Q g = m as the gravitational "charge," we observe that the tree level 
values — 

K E0 = Q g K m1 = Ql K E2 = % (53) 

are unrenormalized by loop corrections. That is to say, not only does there 
not exist any anomalous gravitomagnetic moment, as mentioned above, but 
also there is no anomalous gravitoelectric quadrupole moment. 

As an aside, we note that an additional check on our results is found by 
using the feature pointed out above that the radiative correction terms must 
be traceless. In our case this means that two conditions must be satisfied, 
since there are two separate scalar structures — €a • cb and €a ■ q^B • q — whose 
coefficients must vanish, which leads to 

e A -e B : P^V) - ^*TV) + 2<Z 2 *f=V) = 

tA-VB-q : Fr i \q 2 )+^r i \q 2 ) + ^Ft% 2 )-^Ft% 2 )-0 

(54) 

Both strictures are satisfied at the level to which we work. 
3.1 An Addendum 

Before concluding, it is interesting to note that although we have used the 
standard model value g — 2 which is appropriate for a charged W-boson, it is 
not necessary to do so. Indeed for a charged spin 1 system like the /r* 1 strong 
interaction corrections lead to a very different value of the gyromagnetic 
ratio, and it is interesting to calculate the form factors which would result 
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from an arbitrary choice of g. The results are found to be 
lo7r m A 

if^V) = -~ + ^(8L + 3£) + ... 

Fi S=l \q 2 ) = l + ^^((-(A + g(g-8))L + 3gS) + ... 

if^V) = -l + T ^^- 2 (lQ(g(Sg-4)+4)L-3(g(g + 4)-A)S) + ... 

if^V) = -^^(32(g-6)(g + 2)L + 3(g(5g-12)-20)S) + ... 
F f = V) = ^(32(s + 2) 2 L + 3(s(20-3s) + 12)S) + ... (55) 

15307T 

Of course, one easily confirms that in the limit g —>■ 2 these results reproduce 
those given in Eq. |5U1 However, there is something else of interest here. 
In ref. pQ it was shown that the classical piece of the leading form factors 
follows simply from the requirement that the long range component of the 
matrix element of the energy-momentum tensor agree with the well known 
form 

= -F^F/ + ^F a pF af3 (56) 
For the diagonal components of T^, this leads for a point charge e to 



Too = -E 



1 ->r, a 



2 8vrr 4 
T 0i = 

Ta = -EiEi + U^E 2 = — A [ T -^i- -6^ (57) 

3 2 4vrr 4 \ r 2 2 3 ) y ' 

which can easily be shown to correspond to Fourier transform of the leading 
diagonal classical loop corrections to the energy-momentum tensor, i.e., those 
terms of the loop calculation proportional to S — 

T loop,cl 1 -a _ f d k ^-jk-rrploap^lff^ _ a 

i oo l r J - / 7^Z\H e J 00 K K ) ~ ^4 



(2tt) 3 uu v ' 8ttH 



rpLC 

I 0i 



loop,cl 1 



Tf- d f) = / $f** ! tr , fo = -£3 (7? - I s * i <w 
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where we have used the forms 

rpioop,ci^^ tt7r|A;| 

00 g 

T\r c \k) = ^rihkj - 5^) (59) 
1 o | A; | 

found above. 

However, when the charged particle carries spin, a magnetic field 

g ge 3rS ■ f — S 
2m 47rr 3 

must also be included. This changes the diagonal pieces of the energy- 
momentum tensor by calculable higher order terms, which means that the 
leading diagonal pieces determined by the form factors Fi(q 2 ), F 2 (q 2 ) should 
be unchanged and therefore independent of g as found in Eq. [321 On the 
other hand the presence of a magnetic field leads to a nonvanishing off- 
diagonal component 

T 04 = —(E x B)i = ~^-,(S x f), (61) 

which means that the classical component of our loop correction to the off- 
diagonal component of the energy momentum tensor must also have this form 

_JL_ e -**2gn* {k) (62) 

From Eq. 023 we find 

— > 

T^ d (k) = - i ^lj^(Sxk) l (63) 

whose Fourier transform yields the expected form. Thus the linear propor- 
tionality of the classical loop correction to F 3 (q 2 ) to the gyromagnetic ratio 
g is expected, and it is only if the value g = 2 is employed that the Kerr- 
Newman metric is reproduced. Nevertheless, we find that other consistent 
values to the metric tensor are reproduced if alternative values of the gy- 
romagnetic ratio apply. In the case of the quantum component of the loop 
correction the ratio of the spin 1 and spin 1/2 terms is found to be 



T-iloop,qm , 
ploop,qm a v g ' 2 



0(1 - I) - o ( 64 ) 
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so that again use of the value g = 2 guarantees universality for both the 
classical and the quantum correction as well as brings these results into con- 
formity with the Kerr-Newman form. This point deserves further study 



4 Conclusion 

Above we have calculated the radiative corrections to the energy-momentum 
tensor of a spin 1 system. We have confirmed the universality which was 
speculated in our previous work in that we have confirmed that 



The universality in the case of the classical (square root) nonanalyticities is 
not surprising and in fact is required by the connection to the metric tensor 
and to the classical form of the energy-momentum tensor — Eqn. ESI In the 
case of the quantum (logarithmic) nonanalyticities, however, it is not clear 
why these terms must be universal. We also found additional higher order 
form factors for spin 1, which also receive loop corrections. It is tempt- 
ing to conclude that this radiative correction universality holds for arbitrary 
spin. However, it is probably not possible to show this by generalizing the 
calculations above. Indeed the spin 1 result involves considerably more com- 
putation than does its spin 1/2 counterpart, which was already much more 
tedious than that for spin 0. Perhaps a generalization such as that used in 
nuclear beta decay can be employedj^O]- Work is underway on this problem 
and will be reported in an upcoming communication. 
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5 Appendix 



In this section we sketch how our results were obtained. The basic idea is to 
calculate the Feynman diagrams shown in Figure 1. Thus for Figure la we 
find [H] 



, , . 1 f d*k egV^ v (pl, P 2)e« A <k- q, f3\T, u \k,a > | m2=0 



2! J (2tt) 4 k 2 (k-q) 2 
while for Figure lb[2*T] 

d 4 k 1 



(66) 



Amp[b] 



fJtU 



(2ir)*k 2 (k-q) 2 ((k-p) 2 -m 2 ) 
M) ^ _ v\ (^K ± (Pi ~ k)\Pi - kf 



x V r ^(pl-A;,j)l)e^<A;,K|T AtI/ |A;-g,<y> ma= o (67) 

Here the various vertex functions are listed in section 3, while for the inte- 
grals, all that is needed is the leading nonanalytic behavior. Thus we use 

(2L + . . .) 



m = 


r d 4 k i 


—i 


/ (2tt) 4 k 2 (k - q) 2 " 


32n 2 


iM = 


f d k k^ 


i 


J {2n) 4 k 2 {k -q) 2 ~ 


32n 2 


W«) = 


f d k kjjky 


—i 


J {2<kY k 2 (k - q) 2 ~~ 


327T 2 


I^a(q) = 


f d k kjjkyk(y 


i 


J (2tt) 4 k 2 (k-q) 2 ~ 


32vr 2 



{q»L + ...) 

2 1 
{%<lu^L - q 2 r]^ v -L + . . .) 

f L 



+ (VtivQa + T) m q v + ^q^—Lq 2 + . . .) 



(68) 
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for the "bubble" integrals and 
J (p, q) 

J^(p,q) 



r d 4 k 


1 




—i 


J (2?r) 4 fc 2 (/c 

r d 4 k 


-q) 2 ((k- P ) 2 
kji 


— m 2 ) 


327r 2 m 2 
i 


J (2n) 4 k 2 (k 
f d 4 k 


— q) 2 ((k — p) 2 
1 q 2 
4 m 2 
k^k u 


— m 2 ) 

q»{L + 


32ir 2 m 2 

i 


J (2vr) 4 £; 2 (fc 


-q)2((k-p) 2 


— m 2 ) 


?>2% 2 m 2 



(L + S) + 



3 q 2 1 1 

x [-q^(L + -S) - p^ — i-L + -S) 

11 1 1 q 2 

+ q 2 v^h L + o 5 ) + + w)((o + o^) L + 



2 m 2 



3 g 2 , 
16 m 2 ^' 



J^ua{p,q) 



d A k 



(2ir) 4 k 2 (k - q) 2 ((k - p) 2 - m 2 



—i 



32ir 2 m 2 



q^qa [ L + —S ) + p^p v p a [ - 



6 m 2 



+ {QuPvPc + qvP^Pa + q a P»Pv) + ^£2^) 

+ (q^quPa + q^q a pu + q v q a p^) [\-\- 

+ {VfJ.uPa + V^aPv + VuaPfi) L ) 

+ (viu>qa + v^qu + f]v a qp) ( - \q 2jj ~ YQ q2s ) 



i 2 ) 32 m 2 



(69) 



for their "triangle" counterparts. Similarly higher order forms can be found, 
either by direct calculation or by requiring various identities which must be 
satisfied when the integrals are contracted with p M , q^ or with 77^. Using 
these integral forms and substituting into Eqs. EH1 and EH one derives the 
results given in section 3. 
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